An InAs quantum dot (QD) vertical external cavity surface-emitting laser (VECSEL) operating at a wavelength of 1.25 mm is reported. The gain region of the laser consists of a resonant periodic gain structure using single QD layers at 12 adjacent electrical field antinodes -a design optimised to reduce strain accumulation and improve QD quality. A fibre-coupled 808 nm laser diode is used as a pump source and a spherical external mirror completes the cavity. Thermal management is accomplished by bonding the VECSEL sample to a chemical vapour deposition (CVD) diamond heat spreader. Continuous wave output powers in excess of 3 W have been achieved at room temperature. The broad emission spectrum makes this device an ideal candidate for wavelength tunable or modelocked applications.
Introduction: Vertical external cavity surface-emitting laser (VECSELs)-also called semiconductor disc lasers (SDLs)-have become popular sources for high power and high quality beams. The external cavity configuration also allows for the incorporation of intra-cavity elements to enable a wide range of functionality. Wavelength-selective elements can be incorporated for tunable light sources, and saturable absorbers can be utilised to create a modelocked source for optical clocking and telecommunication applications. Frequency doubling elements can be incorporated for the generation of red light for RGB projector applications. A wavelength range of particular interest is the 1.3 mm regime for broadband optical communication networks.
InAs quantum dots (QDs) have long been used as gain media for the 1.3 mm wavelength range. In particular, InAs QDs embedded in InGaAs quantum wells (QWs) have been very successfully employed in edge-emitting and vertical-cavity semiconductor lasers, reaching 1.2-1.3 mm emission wavelength on GaAs substrates, demonstrating excellent device performance including record-low threshold currents [1] . In VECSELs, multi-watt output powers have been achieved using QD active regions emitting around 1030 nm [2] . Results at longer wavelengths have been limited to powers of 300 mW at 1210 nm [3] or 2.25 W at 1180 nm [4] , despite the use of expensive optical-quality intracavity heat spreaders. In this Letter, we present our results from a QD VECSEL emitting at a wavelength of 1.25 mm, using a thermal-grade chemical vapour deposition (CVD) diamond for thermal management, reaching 3.25 W of continuous wave (CW) output power, limited by the available pump laser. Device design and growth: The VECSEL structure was grown by molecular beam epitaxy on a three inch diameter GaAs substrate. A high reflectivity distributed Bragg reflector (DBR) consisting of 30 pairs of l/4 optical thickness AlAs and GaAs layers is followed by the active region. The active region consists of 12 DWELL (dot in a well) layers, each consisting of an InAs QD layer embedded inside 7 nmthick In 0.15 Ga 0.85 As QW. To reduce the negative effects of accumulated strain on material quality and device performance, the QD layers are arranged in a resonant periodic gain (RPG) structure [5] , with each DWELL layer placed at a separate antinode of the electrical field standing wave in the GaAs subcavity, as shown in Fig. 1 . This is in contrast to standard designs that incorporate several closely spaced QD layers at each antinode. A single AlAs/Al 0.3 Ga 0.7 As DBR pair is grown on top
For thermal management, a 300 mm-thick thermal-grade polycrystalline CVD diamond is mounted to the back side of the VECSEL chip: most of the GaAs substrate is removed by mechanically polishing the structure down to a thickness of approximately 100 mm. The chip and the heat spreader are then metallised with thin layers of Ti, Pt and Au (100 nm each) to act as an adhesion layer for indium bonding the laser chip to the CVD diamond using a 8 mm-thin indium solder layer. The device was then mounted to a water-cooled aluminium heat sink.
The VECSEL cavity was completed by placing an external mirror and output coupler with a radius of curvature of 25 cm approximately 24 cm from the chip. 1 and 2% transmission output couplers were used. An 808 nm semiconductor laser diode coupled to a 400 mm core diameter optical fibre is used as the pump source. The pump light is focused onto a 300 mm diameter spot on the uncoated device surface at an angle of approximately 358 to the surface normal. The lasing mode area is matched to the pump spot size by optimising the external mirror distance from the sample.
Results: All measurements were made with the VECSEL heat sink held at room temperature, 208C. The pump power of the 808 nm source was then swept from 0 to 40 W and the output power of the VECSEL was measured. The CW output power as a function of incident pump power for both output coupler transmission values is shown in Fig. 2 . CW lasing was achieved with a threshold pump power of 3 W and a maximum output power of 3.25 W using the 1% output coupler. The threshold pump power increased to approximately 8 W for the 2% transmission external mirror, with the maximum output power reduced to slightly over 3 W. The output powers in both cases were limited by the available pump power as the lasing curves show only minor evidence of thermal rollover at high pump powers. Lasing spectra were collected by coupling the VECSEL output into a multimode optical fibre connected to an optical spectrum analyser. Fig. 3 shows spectra as a function of incident pump power for the 1% output coupling mirror. The spectra increase in width with increasing pump power, as state-filling effects allow a broader distribution of QD sizes to contribute to the output. Red shift due to higher pump powers is also observed. While the use of an intra-cavity heat spreader would result in an etalon effect creating multiple emission lines, the spectrum from our device is continuous, making it ideal for modelocked or tunable applications.
Conclusion:
We have demonstrated CW RT high power operation of a QD based VECSEL emitting at 1.25 mm using an RPG active region optimised to reduce deleterious strain effects on material quality and gain. A pump limited output power of 3.25 W was achieved, which is the highest reported for QD devices in this wavelength range. 
